INTRODUCTION
Chlorophosphonazo III(3,6-bis-[(4-chloro-2-phosphonophenyl)azo]-4,5 -dihydroxy-2,7 -naphthalenedisulfonic acid), termed CPA, has been used for spectrophotometric determinations of many elements including thorium,l uranium,2'3 and plutonium? The present method has been developed for determining microgram amounts of plutonium using the Los Alamos automated spectrophotometers or a similar instrument in which all operations, from addition of reagents through the absorbance measurements, are done in a single tube. Extraction of the Pu(IV)-CPA complex into a water-immiscible alcohol improves selectivity and simultaneously increases the complex absorbance. A twowavelength absorbance measurement improves precision by correcting for base-line shifts in a single-beam instrument, such as the Los Alamos automated spectrophotometer. The method as presented, however, provides a selective determination of plutonium suitable for a manually operated spectrophotometer.
II. EXPERIMENTAL A. Spectra in Hydrochloric Acid and n-Pentanol
In dilute HC1 solution, plutonium and CPA form a green complex having absorption peaks at 630 and 685 nm. The peaks of the extracted complex in n-pentanol are shifted to shorter wavelengths of 625 and 673 nm with a four-fold increase in absorbance (Fig. 1) , similar to the effect reported by Yamamoto for the U(IV)-CPA complex extracted into 3-methyl-l-butanol.s
Various pairs of wavelengths, one wavelength representing the peak and the other the valley, were evaluated for absorbance measurement. The pair giving best precision was 680 and 710 nm.
B. Effect of Solvent
A reliable extraction system requires a solvent that has low viscosity, low volatility, and effective phase dis- engagement. C)f five water-immiscible alcohols evaluated, color intensity was higher and phase disengagement better for n-pentanol, isopentanol, and hexanol than for cyclohexanol and p-methylhexanol. N-pentanol best met the stated requirements and was selected as the extractant.
C. Eflect of Hydrochloric Acid Concentration
The absorbance of the Pu(IV)-CPA complex in n-pentanol is essentially constant when extracted from 1 to 2M HC1. The volubility of hydrochloric acid in n-pentanol increases at higher acid concentrations to lower the absorbance. A concentration of 1.5M HC1 was selected.
D. Effect of Plutonium Oxidation State
The extraction of plutonium, initially in the (III), (IV), and (VI) oxidation states was measured under the conditions of the recommended procedure. The Pu(IH) had been prepared by drying the HI-HCI eluate from an anion exchange column, Pu(IV) by oxidizing Pu(III) with sodium nitrite, and Pu(VI) by evaporating Pu(III) to dryness with HC104 and a trace of HNOJ. Extraction was measured in each case by liquid scintillation counting the aqueous phase. Extractions of Pu(IH), Pu(IV), and Pu(VI) were 98.0, 99.6, and 99.4!40, respectively, indicating conversion to Pu(IV), which is strongly complexed by CPA. To ensure constant extraction, sodium nitrite is added in the recommended procedure to oxidize Pu(III) to pu(IV).
E. Effect of Chlorophosphonazo 111Concentration
The eflect of CPA concentration on the formation of the complex was established by extracting 10-~g (0.042 pole) portions of Pu(IV) with increasing quantities of 0.0470 (5.3 x 10-4M) CPA solution from 1.5M HC1 into n-pentanol. The absorbance, relative to a reagent blank, increased to 0.6 mt (0.32~mole) of CPA and was constant thereafter. A volume of 1 mt'of 0.04°A (0.53~mole) CPA solution was selected.
F. Effect of Time
The development and extraction of the Pu(IV)-CPA complex is not instantaneous. Atler 10 min of phase mixing and a 2-rnin period of phase disengagement, the absorbance is 93'70of maximum, increasing to 97% in 2 h and to the maximum in 12 h. This is not critical for an automated instrument operation in which the timing of all steps is highly reproducible. For manual operation, however, a 2-h color development time is recommended. 4 G. Measurement Reliability * Measurement precision and linearity of absorbance were determined for the range of O to 20 Kg of plutonium. As shown in Table I , the response is linear through 17.5 yg and the relative standard deviation is better than 1.5?40for the range of 2.5 to 17.5 Kg.
Measurement precision of the method was obtained over a 3-month period. The relative standard deviation for 60 analyses of 10~g of plutonium reference material was 1.7%.
H. Diverse Ion Tolerances
Diverse ion tolerances were established by adding individual ions to 10~g of plutonium and comparing the absorbance to that of plutonium alone. The initial molar ratio tested was 1000. If a result was significantly different at the "95?40 contldence level relative to plutonium alone, lower amounts were tested until there was no significant difference. The results, summarized in Table II , show high tolerances for many impurities present in plutonium materials characteristic of the nucle~fuel cycle.
Additional tolerance to diverse ions is diflicult to obtain with masking agents because they also form highly stable complexes with PU(IV).7 Additional selectivity is gained by an ion exchange separation preceding the extraction, described in Sec. 111, Recommended Procedure. The tolerances for selected ions, following the anion exchange separation, are given in Table III. The anion exchange separation does not lower pre-% cision significantly; however, plutonium recovery decreases about 2Y0. Occasionally a set of samples and \ reference materials yield low recovery for all members of the group. This bias is caused by a residue of fme particles or degradation products of the resin that accompanies the eluted plutonium. Wet sieving of the resin to remove fine particles usually eliminates the interference; however, it occasionally recurs. This residue resists oxidative chemical treatments including fuming with perchloric and nitric acids. It can be decomposed by ignition, a treatment not recommended for routine plutonium analyses.
III. RECOMMENDED PROCEDURE
A. Reagents q Hydrochloric Acid (saturated, 6kZ, 1.5M). Distill -6A4 HC1 in a quartz still. Using polyethylene apparatus, pass HC1 gas into the distilled acid while cooling in an ice bath, Verify that the molarity of the gas-saturated hydrochloric acid is at least 12A-f by titrating with a standard NaOH solution. Dilute as necessary with distilled water to obtain 6AZand 1.5M HC1. Phosphate not tolerated at molar ratio of 1. q Pu(IV)-CPA complex forms. 4. Add 10 mt n-pentanol. Seal the test tube with a hollow polyethylene stopper using masking tape and mix the two phases for 10 min using a 48-rpm inversion rotator.
B. Apparatus
q PU(IV)-CPA complex extracts into n-pentanol. 5. After phase disengagement, measure absorbance at 680 and 710 nm. For manual operation, a 2-h wait is recommended before absorbance measurement.
q The dflerence between the two absorbance measurements is proportional to the plutonium concentration.
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